Abstract-The effects of under bump metallurgy (UBM) microstructures on the intermetallic compound (IMC) growth of electroplated and stencil printed eutectic Sn-Pb solder bumps were investigated. The process parameters and their effects on UBM surface morphology and UBM shear strength were studied. For the electroplating process, the plating current density was the dominant factor to control the Cu UBM microstructure. For the stencil printing process, the zincation process has the most significant effect on the Ni UBM surface roughness and Ni grain sizes. In both processes, the good adhesion of UBM to aluminum can be obtained under suitable UBM processing conditions. Samples with different UBM microstructures were prepared using the two processes. The resulting samples were thermal aged at 85 C, 120 C, and 150 C. It was observed that the Cu UBM surface roughness had larger effect on the IMC growth and solder ball shear strength than the Ni UBM surface roughness. The thickness of Cu 3 Sn and Cu 6 Sn 5 IMC depended strongly on the UBM microstructure. However, for Ni/Au UBM, no significant dependence was observed. More likely, the thickness of Au-Ni-Sn IMC near the IMC/solder interface was controlled by the amount of gold and the gold diffusion rate in the solder. Shear tests were performed after thermal aging tests and thermal/humidity tests. Different failure modes of different sample groups were analyzed. Electroless Ni UBM has been developed because it is a mask-less, low-cost process compared to electroplated Cu UBM. This study demonstrated that the process control was much easier for Ni UBM due to its lower reactivity with Sn material. These properties made Ni UBM a promising candidate for the lead-free solder applications.
I. INTRODUCTION
T HE DEMAND for high input/output (I/O) density, cost effective, reliable packaging has increased with the continuing growth of semiconductor industry. The solder-bumped flip-chip technology has many advantages over the traditional packaging including high density, high I/Os, high electrical performance, low packaging profile [1] . Many different solder bumping processes have been developed. Among them electroplating process is one of the most well established bumping methods. The process includes metal deposition; thick photoresist patterning; copper stud and eutectic solder electroplating and reflow. Recently, stencil printing has become more popular because it eliminates expensive vacuum sputtering and photolithography process and thus offers a more cost effective bumping method. The process involves pad pretreatment/activation, electroless Ni plating, solder paste stencil printing and reflow.
The reliability of solder bumps is always the primary concern of any bumping process. The excessive intermetallic compound (IMC) formation is always the source of the solder bump failures because of its brittleness property. The effect of IMC on the solder ball reliability has been studied by many researchers [2] , [3] . However, the under bump metallurgy (UBM) microstructure, particularly the effect of UBM surface roughness on the IMC growth has not been fully investigated. Furthermore, the comparison of IMC growth and the reliability of Cu-based solder bump and Ni-based solder bump with a different UBM microstructure has not been addressed.
The Cu UBM is formed by electroplating. The microstructure of Cu UBM is determined by many factors including bath temperature, electrolyte composition, and addictive amount etc. One of the most critical factors is the plating current density. Large current density causes coarse Cu grain and rough UBM microstructure. However, small plating current density lengthens the plating process and decreases the production throughput. The understanding of the relationship between plating current density and solder bump reliability is critical to the optimization of reliability, yield and production throughput.
The Ni/Au has been widely used as a surface finish in electronic packaging industry for many years. The surface morphology of Ni bumps is controlled by solution type (acid or alkaline), agitation, bath temperature, stabilizer concentration and particularly, the pretreatment or the zincation of aluminum pads. The double zincation process has been used as an industry standard because it provides finer and more uniform zinc coating and therefore smoother Ni UBM surface than the single zincation [4] . However, whether this surface roughness difference has adverse effect on the reliability of flip-chip solder bump has not been investigated in detail and is one of the objectives of this research. The immersed Au acts as oxidation barrier and wetting layer. The deleterious effect of Au was reported to be caused by its reaction with Sn and Ni at the UBM and the solder interfaces in BGA packaging [5] - [7] . In this study, the effect of UBM surface roughness on the Au reaction in flip-chip solder bump will be examined. Two reliability tests were performed for the samples based on the two bumping processes. The tests were: 1) high temperature storage test at 85 C, 120 C, and 150 C and 2) temperature and humidity test under HAST condition. The shear strengths of solder bumps were evaluated by shear test at different stages and are correlated to the IMC growth and microstructure of UBM.
II. EXPERIMENTAL PROCEDURE

A. Sample Preparation
Electroplating: 4-in wafers were sputtered with aluminum and were patterned to form daisy chain test structures. The silicon dioxide passivation was deposited. 80 m diameter openings were patterned on the aluminum pads. 1000 Å Ti/W and 4000 Å Cu adhesive and barrier layers were sputtered. A positive photoresist with 100 m opening was used as the mask for the Cu stud and eutectic Sn-Pb solder bump electroplating. After the plating, the photoresist and the exposed adhesive/barrier layer films were removed. The reflow process was conducted under a typical reflow profile with a peak temperature of 220 C. The solder ball height was 100 m 4 m. Cu UBM with four surface roughness values were prepared by varying the plating current density from 10 mA cm to 60 mA cm at 25 C during copper electroplating. The fabrication process flow is summarized in Fig. 1 .
Stencil Printing: Aluminum (AlSi1%) film of 1 to 1.5 m thickness was sputtered on the 4-in wafers and was patterned by the standard photolithography process described in the previous paragraph. The zincation pretreatment was performed to remove native oxide and activate Al surface. The nickel bumps were selectively plated on the activated aluminum pads by immersing the wafer in the electroless nickel plating solution. A thin layer of Au was deposited on top of the nickel bumps by Au immersion for oxidation protection and solderability. A DEK260 stencil printer was used to print fine-meshed type 5 solder paste (particle size: 15 m to 25 m) on the wafers. The reflow process was conducted with the typical eutectic solder reflow profile characterized by a peak temperature of 220 C. The solder ball height was 100 m 5 m. Two sample groups were prepared. One group of samples labeled as "S" were processed by the single zincation process and the other group labeled as "D" were processed by the double zincation process. Ni bumps with different surface roughness were produced based on two zincation processes. The fabrication process flow is summarized in Fig. 2 . 
B. Reliability Tests and Sample Inspection
The Cu and Ni UBM surface roughness was measured using a surface profilemeter. The solder bumps on different UBMs were placed in a Vulcan 3-550 furnace for thermal aging at 85 C, 120 C, and 150 C for 50, 200, 400, 600, 800, 1000 h. The temperature and time deviation were maintained within 1 C and 5 min. The temperature-humidity test was performed under the condition of 120 C, 85% RH for 120 h. The solder bump shear strength was measured using a Dage 4000 multipurpose tester at various thermal aging time points. The samples at all thermal aging conditions were cross-sectioned using epoxy molding, grinding and polishing to characterize the interfacial and the internal microstructure of the solder bumps. IMC growth and composition were observed using various techniques including optical microscopy, scanning electron microscopy (JEOL 6300 SEM) and energy dispersive X-ray (Oxford INCA EDX).
III. RESULTS AND DISCUSSION
A. UBM Process and UBM Microstructure
Electroplating: During the copper electroplating, four sample groups with various Cu surface roughnesses were prepared by varying Cu plating current densities. The process parameters for the eutectic solder electroplating were kept the same for all sample groups. Four Cu surface roughness data labeled as SR-1 to SR-4 are distinguished by their arithmetic average (RA) values as shown in Table I . For each group, 25 locations distributed from the center to the peripheral of each wafer were measured. It was found that the Cu surface roughness increased rapidly as the current density was increased above 40 mA cm . The roughness data increased at a much slower rate when the current density was kept below 35 mA cm . The shear strengths of each group of Cu studs were measured and the data are plotted in Fig. 3 . The shear strength remained the same among all four groups. The examination of the fracture surface showed that all the failures were located at the interface between the electroplated Cu and the sputtered layers. This result suggested that the initial adhesion of Cu UBM layer was not affected by Cu electroplating current density. However, the reliability behaviors after thermal aging were different for different sample groups.
Stencil Printing: The nickel bumps were plated on the aluminum pads using the electroless Ni plating solution based on the sodium hypophosphite. The chemical reaction is auto-catalytic on Ni [8] (1) Due to the aluminum's high affinity for oxygen, the aluminum pads were rapidly covered with an oxide layer which impeded the formation of a metal-to-metal bonds and had to be activated by the zincation process. The zincation process was conducted by immersing the wafers into an alkaline zincation solution. The basic net reactions were the dissolution of aluminum and the deposition of zinc (2) The single zincation process included sodium hydroxide degrease, nitride acid etch and one zincation. For the double zincation process, the wafers were dipped into 50% volume HNO3 after the first zincation and then were immersed into zincation bath for the second time. Table II lists the roughness data of aluminum surfaces after two zincation processes and Ni bumps based on the two pretreatments. The aluminum pad surface after the single zincation pretreatment was rougher than that treated by the double zincation pretreatment. We also found that the Ni bumps surface morphology depended strongly on the zincation pretreatment condition. The SEM micrograph revealed that the zinc film on the single zincated aluminum pads consisted of zinc particles of various sizes. Large "isolated" zinc particles were observed on the single zincated Al pads. Fig. 4 shows the microstructures of Ni bumps plated on the single and double zincated Al pads. For the double zincation pretreated samples, the Ni grain sizes were less than 1 m, whereas for the single zincation pretreated samples the Ni grain sizes were in the range of 5 m to 10 m. The shear test of Ni bumps was performed. To prevent the shear head from skipping over the Ni bump surface, Ni bumps of 15-m height were plated. The shear height was set to be 5 m and the shear speed was 100 m s. For samples by the single zincation pretreatment, the shear strength was 145 MPa. For those by the double zincation pretreatment, the shear strength value was 127 MPa. D. A. Hutt et al. reported different results in [4] . The discrepancy could be due to the different composition in zincation baths. In our experiment, the zincation solution prepared from ZnO and NaOH was used for both zincation pretreatments. The SEM micrographs of shear fractures are shown in Fig. 5 . For the double zincated samples, the fractures occurred at the interface between the aluminum and the silicon dioxide layer. For the single zincated samples, the failures occurred at the aluminum and nickel interface. Although the failure modes are different, both the single and double zincation pretreatment provided sufficient adhesion of Ni bumps to aluminum pads. As we shall present later, the zincation process has a more significant impact on the Ni bumps surface morphology than on Ni bumps shear strength.
B. Relation Between IMC Growth and UBM Microstructures
Electroplating: SEM micrographs of solder bump cross ections of SR-1 and SR-4 sample groups are shown in Fig. 6(a) and (b), respectively. There is a distinct Cu-Sn IMC layer reaction region between the solder and the Cu UBM at 600 h aging time for both sample groups. The white gray region near the solder is and the dark gray region adjacent to the UBM is as identified by EDX analysis. It is reported that the is formed during reflow [9] . A second intermetallic layer of was observed between and Cu at the 50 h aging time point in SR-1 and SR-2 samples. The mean thickness of each IMC layer was measured by the optical microscopy with an imaging processing system. The thickness of the IMC layers versus aging time at 150 C is plotted in Figs. 7  and 8 . A linear relationship between the thickness of the IMC layer and the square root of time can be established according to the parabolic growth rate law:
where is the diffusion coefficient; is the thickness of IMC and is the aging time. Figs. 7 and 8 suggest the ratio of to the total intermetallic layer thickness depending on the Cu stud microstructure. The growth rate of was the slowest for the roughest group SR-4 while the growth rate of was the fastest for this group. The layer thickness in SR-4 samples grew so rapidly that it reached 80% of total IMC thickness after 800 h of aging. The intermetallic layer growth kinetic is described by the Arrhenius equation where interdiffusion constant; activation energy (J/mol) for the growth of Cu-Sn IMC layer; universal gas constant; absolute temperature. The Arrhenius plots for the growth of total Cu-Sn IMC layer are shown in Fig. 9 .
Other researchers have reported the growth kinetics of Cu-Sn IMC for the eutectic solder prepared by a different process [9] , [10] . In our experiment, it was found that the Cu stud plating process affected the activation energy of Cu-Sn IMC growth. The activation energies were in the range of 0.78 eV to 1.14 eV for the four sample groups SR-1 to SR-4. The activation energy increased as the Cu UBM surface roughness decreased.
Stencil Printing: Two layers of IMC were observed in SEM micrographs of solder bumps aged at 150 C at 50 h thermal aging time. Fig. 10 shows the Ni bump surface morphology of Group S and Group D and the corresponding solder bump crosssections at 800 h aging time. The dark gray layer IMC region I next to the Ni UBM was identified as . The light gray IMC region II at the solder side was identified as ternary IMC. Fig. 11 shows the EDX results of two IMC regions. The ternary IMC is close to in composition. The Au-Ni-Sn ternary IMC was observed in both single and double zincated samples at all aging temperatures. However, the distributions of the formed IMC depended on the aging temperature. At 150 C, the two IMC layers were well attached to the UBM and continuous layers of IMC were observed. However, at 120 C, and 85 C, the IMC growth was quite irregular and some Au-Ni-Sn IMC was distributed within the solder bulk as shown in Fig. 12 . The SEM micrograph of reflowed solder bumps before thermal aging reveals that there was a thin layer of but no Au ternary IMC was observed at the interface. At 50 h thermal aging time, the thickness of formed Au ternary IMC already surpassed the thickness of IMC. The thickness of IMC versus aging time at 150 C is plotted in Fig. 13 . It shows that the formation of Au-Ni-Sn was quite rapid initially for both sample groups. The first 50 h showed dramatic increase of Au-Ni-Sn IMC thickness but after 50 h the growth slowed down. It was reported that the ternary IMC was formed by Au diffusion back to the interface and that the IMC growth rate was controlled by the diffusion rate of Au [5] , [7] . In this experiment, it was further verified that the Au diffusion is the control factor of Au ternary IMC formation. Due to the Au diffusion mechanism, the UBM surface roughness became a less significant factor. Although the larger Au ternary IMC thickness was observed for the single zincated samples, the difference could be partially contributed to the slightly different deposition rate of Au during the Au immersion step. After most of the Au in the 
C. Shear Strength Test and Failure Analysis
Five possible failure modes were identified after the shear tests. They were identified by fracture surface locating at: bulk After the shear test, the fracture surfaces of samples were examined to determine the failure mode. For the sample groups with small Cu surface roughness (SR-1, SR-2), failure modes I and II occurred after 800 h of aging. The growth of Cu-Sn IMC layer did not adversely affect the reliability of solder joints prepared from SR-1 and SR-2 samples. Fig. 17(a) shows the mode I fracture surface. For the samples with the coarse Cu stud surface and the large Cu grain (SR-4), failure modes II to V were observed after the shear tests. The fracture surfaces of many samples were located at IMC surface or Cu-Sn IMC layer (failure Mode III or IV). The shear strength of Cu-Sn IMC layer became lower than that of Sn-Pb solder bumps because there were cracks and voids inside the IMC layer. The shear strengths of solder joints were determined by Cu-Sn IMC layer. Large cavities were observed on the fracture surface for those samples having a rough Cu surface as shown in Fig. 17(b) . We believe the large Cu grains on the rough Cu surface caused these cavities. These cavities caused voids in the solder and formed continuous cracks at the IMC layer and Sn/Pb solder interface. This caused the failures at the IMC layer surface (failure mode III). The high growth rate of Cu-Sn IMC layer consumed the Cu stud quickly to form the IMC layer at the bottom of the solder bump. It caused the failure mode V. Some samples failed at the UBM and IMC interface after shear strength test. It was clear that the Cu stud microstructure determined by the Cu plating process affected the failure modes and reliability of solder joints through the increasing rate of IMC growth.
Stencil Printing: The stencil printed samples were subjected to the same shear tests. The shear test was performed to measure the shear strength after 50 h, 200 h, 400 h, and 800 h of aging time. The results are shown in Fig. 18 . No significant difference was observed for the two sets of samples before 400 h of aging. The shear strengths of both sample groups were about 50 MPa. After 400 h of aging, the single zincated samples showed more shear strength degradation. However, the examination of the fracture surface indicated that all the shear test failures were of mode I Type. Because of the much lower Ni-Sn IMC growth rate compared to Cu-Sn IMC, no significant UBM consumption was observed. As a result, no mode IV and mode V failures were observed even for the rougher UBM surfaces of the single zincated samples after 800 h of aging. Thermal and humidity tests were also performed. Similar shear strength values were observed for the two sets of samples as shown in Fig. 19 .
Young-Doo Jeon et al. reported that the brittle property of and the growth of Kirkendall voids caused brittle fractures [3] . Zequn Mei et al. reported that the main cracked area was located between Au-Sn IMC and Ni-Sn IMC due to poor adhesion of two layers and the cracks occurred between Ni-Sn IMC and Ni UBM due to weak interface between phosphorous rich layer and Ni-Sn layer [6] . In our experiment, although all the failure sources including phosphorous-riched layer were examined, no brittle fractures directly related to these sources were observed for both sets of samples. Instead, the property of solder near IMC region had more impact on the solder joint failure modes. For samples aged at 85 C and 120 C, there was no significant difference in the shear strength between two sets of samples even after 400 h of aging. The shear strength was determined by the properties of eutectic solder. For the samples aged at 150 C, more degradation of shear strength was observed for the single zincated samples after 400 h of aging, although for both sample groups, the shear fractures occurred at solder as stated before. This phenomenon can be explained by the formation of Pb-rich solder layer during IMC growth. The formation of the IMC and consumed Sn in the solder bulk and caused depletion of Sn from the solder near the UBM. Because of the weaker strength of Pb-rich phase of solder, the shear strength became lower. The lower shear strength of single zincated samples may be due to the thicker ternary IMC and more Sn depletion in the solder layer. After all the Au was consumed, the growth of both IMC layers and Pb-rich solder layer slowed down and eventually stopped. The shear strength became stable. The duration of this process depended on the amount of Au deposited. The typical shear fracture structure is illustrated in Fig. 20 . It was also found that the excessive amount of Au caused thicker IMC. If the IMC was thick enough and the IMC-solder interface was close to shear height, the failure mode may switch to mode III or mode IV. The SEM cross-sectional view of the shear fracture of the double zincated sample with excessive gold immersion after 1000 h of aging is shown in Fig. 21 . The Ni UBM roughness does not significantly affect the IMC growth rate. This makes the process control easier.
IV. CONCLUSION
The UBM process and its relation to UBM microstructure and IMC growth for the electroplating process and stencil printing process were investigated. The following conclusions can be drawn from this study.
1) The Cu UBM surface roughness is controlled by Cu plating current density. To obtain good uniformity and reliability, the plating current density should be kept at less than 40 mA cm .
2) The total Cu-Sn IMC thickness increased with the increased Cu UBM surface roughness. The activation energy for the total IMC growth is in the range of 0.78 eV to 1.14 eV.
3) The shear strength and failure mode after thermal aging test is affected by the Cu UBM microstructures. The shear strength of solder bumps with fine Cu surface was determined by the solder properties, whereas that with rough surface was determined by the IMC layers properties. 
